We developed a new method to amplify cell DNA in situ using the polymerase chain reaction (PCR). proviral sequences of mouse mammary tumor virus (MMTV) contained in cultured cells and tissue sections were amplified intracellularly using a thermal cycler. Two techniques were employed to maintain the localization of the amplified DNA. First, complementary tails at the 5' ends of the oligonucleotide primers resulted in the synthesis of high molecular weight concatamers containing the target sequences. Second, the PCR was carried out in a thin film of agarose solidifed over the tissue sections. The specifically amplified and localized DNA was then detected by in situ hybridization (ISH). Our results demonstrate that (a) DNA in tissue sections can serve as the target for the polymerase chain reaction in situ, (b) cell morphology is maintained, and (c) a target of 167 BP can be specifically detected in individual cells. This technique should be generally applicable to amplifying cellular DNA targets in tissue sections for detection in situ. (J Histochem  Cytochem 40:333-341, 1992) KEY WORDS: In situ polymerase chain reaction (IS-PCR); Polymerase chain reaction (PCR); In situ hybridization (ISH); Complementary primer tails; GR3A mouse cell line; Mouse mammary tumor virus (MMTV). molecules using primers with complementary 5' tails, and that the amplified DNA fragments remain localized to the cell of origin by performing the PCR with a thin agarose overlay.
Introduction
The polymerase chain reaction (PCR) is a powerful method capable of amplifying specific DNA sequences by a cyclic enzymatic process (10,ll) . This method has revolutionized biotechnology and opened up a number of fields in molecular biology ( 5 ) . Using the PCR we have developed a generally applicable method for amplifying target DNA in situ in tissue sections.
The polymerase chain reaction was modified to keep the amplified DNA localized to the cell. The amplified target sequences were then detected by a standard in situ hybridization (ISH) method. A mouse mammary tumor cell line, GR3A (9) , which contains approximately 50 copies of MMTV provirus per cell (l), was adopted as the model system. The target region was chosen in the long terminal repeat region of the provirus; therefore, each cell contains approximately 100 copies of the target sequences. GR3A cells were grown in vivo in a nude mouse and the resulting tumor was used for the in situ polymerase chain reaction (IS-PCR). We demonstrate that target DNA in tissue sections can be amplified into high MW
Materials and Methods
Target Region. A target region was chosen in the long terminal repeat (LlX) of the MMTV provirus. Plasmid pDM5 contains this region ( Figure   1 ) and has been completely sequenced (2). We used pDM5 (8) to optimize the reaction conditions. Three primers (Pl, P3, and P5) and four probes (Pbll, Pbl2, Pb21, and Pb22) were selected within the target region. The plus-strand primer, PI, is tailed at the 5' end with a sequence abbreviated T, while the minus-strand primers P3 and P5 are tailed with sequence T (complementary to T), also at the 5' end ( Figure 1 ). These complementary sequences were added to the PCR primers to result in perfect direct repeats at each end of the primary product, which in turn acts both as primer and template for further (secondary) polymerization that generates high molecular weight concatamers as illustrated in Figure 2 Oligonucleotides. Oligonucleotide primers and probes were synthesized with a Gene Assembler Plus oligosynthesizer (Pharmacia; Piscataway, NJ). NAP-10 columns (Pharmacia) and Sep-pak C18 cartridges (Millipore; Bedford, MA) were used to purfy the synthesized oligonucleotides. After purification, the oligonucleotides were aliquotted and stored at -2O'C.
Amplification of pDM5 DNA. The PCR experiments using pDM5 DNA as target were done in solution. The optimized PCR conditions were: primers 
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was added on the top of 100 p1 reaction mixtures to prevent evaporation. To analyze the PCR products, 10 pl of the PCR solution was loaded in each well of a minigel containing 1% NuSieve GTG and 1% SeaKem GIG agarose (FMC BioProducts; Rockland. ME). After electrophoresis at 90 V for 1-2 hr, the gel was stained with ethidium bromide and observed with w light.
The Southern blot with nitrocellulose paper was performed as described (7) . Both pre-hybridization and hybridization were carried out at 45'C for 3 hr. Probes Pbll, Pb12, Pb21, and Pb22 used in the hybridization solution were end-labeled with 32P (7) .
Preparation of Cultured Cells and Tumor Tissue Sections. GR3A tumor cells or untransformed mouse fibroblast cells (G697) were cultured on siliconized, chambered slides in RPM1-1640 medium with 5 % calf serum. The cells were fixed with ethano1:acetic acid (3:l) by adding an equal volume to the cultures and then replacing with undiluted ethanokacetic acid (3:l) for 15 min. The fixed cells were preserved under 70% ethanol at 4'C. Before use in the IS-PCR procedure, the plastic wells, but not the gasket, were removed from the slides.
Primary Product
Tumors were induced by injecting 10' GR3A cells subcutaneously into nude mice. After growth to approximately 5 mm in diameter, tumors were harvested and fixed with ethanokacetic acid (3:l) for 2 days before storage in 70% ethanol. Aminopropylethoxylsilane (APES) was used to attach tissue sections to glass slides (6) for subsequent use in IS-PCR. Paraffinembedded tissues were sectioned 5 pm thick and mounted on APES-coated slides. Immediately before use, slides were dried at 45'C for 45 min, treated thrice for 2 min with xylene and twice for 2 min with absolute ethanol, and then air-dried.
IS-PCR Procedure. %get DNA in cultured cells or tissue sections was denatured in a Coplin jar with 0.5 M NaOH11.5 M NaCl for 20 min and then neutralized with 1 M Tris-CI11.5M NaCl for another 20 min. The slides were then completely washed with 70% ethanol, absolute ethanol, and air-dried. The cultured cells or tissue sections were pre-incubated with the PCR reagents at 45°C for 3 hr in a slide chamber formed by a 1-mm gasket. During pre-incubation the samples were covered with Parafilm and kept inside a humidified chamber. After pre-incubation the reagents were removed and the slide was placed on a heating block at 8O'C. Preheated PCR reagents containing 2.5 % molten SeaKem GTG agarose were quickly added. The slides were covered with Saran Wrap and the agarose was allowed to solidify at room temperature. To maintain humidity during the PCR process, about 1 ml distilled water was added to each of the long slots of the heating block on a Perkin-ElmerlCetus thermal cycler. Slides (maximum of three) were put on top of the heating block, which was then covered with a piece of plastic film and a plastic lid (from a box of pipette tips) to ensure the maintenance of heat and humidity. IS-PCR was then performed under the following conditions: denaturation at 92'C for 1 min; annealing at 55'C for 2 min; and polymerization at 72'C for 1 min. Thirty to 50 cycles were performed and the process was terminated at 20°C.
Post-PCR Fixation and hflaturatiOfl. Amplified DNA fragments were fixed in situ at room temperature with 4% paraformaldehyde, a cross-linking fixative, in two steps. First, before removal of the agarose the slide was immersed in a Coplin jar containing fixative for 30 min at room temperature; after the agarose was lifted off the samples were fixed for another 20 min.
The slides were then dipped in 1 x PBS for 5 min, dehydrated in 70% and 100% ethanol. and air-dried. The fixed PCR products were denatured and neutralized using the same conditions as for target DNA, except that each step was 10 min shorter. The slides were then dehydrated and airdried in the same way as for post-PCR fixation.
Probes. Four synthetic oligomers of intemal sequences with similar melting temperatures were chosen as probes for detecting the amplified products ( Figure 1 ). The probes (1 pg of each in 40 pl solution) were 5' endlabeled with 100 pCi [3?S]-ATP overnight with T4 polynucleotide kinase and purified with a NAP-10 column. Approximately 100 ng of probe DNA (2 pCi) was used for each slide.
In Situ Hybridization. The hybridization solution contained salmon sperm DNA (1 pglpl), E. colitRNA (1 pglpl). 4 x SSC. 0.33% SDS, 5% dextran sulfate, 1.1 x Denhardt's solution, and probes, and was heated to 95'C for 5 min. then quenched on ice for 3 min. Before hybridization, dithiothreitol (DTT) was added to a final concentration of 33 mM. Slides were covered with siliconized coverslips and the edges were sealed with rubber cement. Hybridization was performed at 45°C for 3 hr in a humidified chamber. After hybridization the slides were washed twice at room temperature with 1 x SSC for 20 min (7) .
Autoradiography and Counterstaining. After washing twice with 1 x SSC for 20 min. the slides were treated twice for 3 min with 70% etha-noIlO.3 M ammonium acetate, twice for 3 min with 95% ethanoll0.3 M ammonium acetate. and air-dried. The slides were coated with pre-warmed (43'C) NTB-2 emulsion (Eastman Kodak; Rochester, NY), air-dried in the dark for 2 hr. and placed in a light-free box at 4'C. After exposure for 3-4 days, the slides were developed with D-19 for 5 min. 2% acetic acid for 3 min. and rapid fixer for 5 min. The cells were counterstained with eosin and hematoxylin.
Results

Effect of Complementary Primer Eils
To determine the effect of complementary primer tails on the size of PCR products, the tailed primers TP1 and TP5 were tested in parallel with the untailed forms P1 and P5, using plasmid pDM5 as the target. Figure 3 shows that after 30 cycles of amplification the untailed primer pair, PllP5, generated a 167 BP fragment (Lanes 2-4). The primers with complementary 5' tails, TPlITP5, generated a 203 BP fragment (primary product) after 30 cycles (Lane 5), and further amplification resulted in the generation of secondary products whose molecular weights increased to greater than 50 KB in size after 50 cycles (Lane 7 ) .
The incorporation of the target DNA into the high MW products is demonstrated in Figure 4 . Primer P5 contains an Rsa 1 restriction site (Figure 1 ). As shown in the left panel, two major Rsa 1 fragments were detected. The larger fragment in Lane 3 is consistent with the predicted 185 BP monomer (which contains only one tail) and runs slightly lower than the 203 BP primary product (which contains two tails) seen in Lane 4. The maximum possible size of the Rsa 1-digested primer dimer (containing only one tail) of primer pair (TPlITP5) is 58 BP, which is consistent with the size of the small fragment observed in Lane 3. Further analysis of this gel with a Southern blot probed for target DNA sequences (right panel of Figure 4 ) demonstrated the presence of target DNA in the high MW products generated after 50 cycles (Lane 2), in the primary product (203 BP) generated after 30 cycles (Lane 4). and in the large Rsa 1 fragment but not in the small Rsa 1 fragment (Lane 3). Increasing the concentration of Taq polymerase from 1.25 to 20 units per 100 p1 resulted in increasing amounts of secondary products, with the maximum being reached at 10 units. However, the same effect was not observed by increasing the concentration of either the primers or dNTPs. Primer concentrations above 0.5 pM favored the production of the primary product, which consumed most of the reagents and resulted in less efficient secondary polymerization. When primer pair PI and P3 (Figure 1) were tailed with T and T, respectively, only the expected 496 BP primary frag ment was observed after 30 PCR cycles (data not shown). In comparison with the smaller target defined by primer pair TP1ITP5, less synthesis of high MW DNA was seen after 40 and 50 PCR cycles using primer pair TPUTP3.
AmplzFcation of DNA in Cultured Cells and Tissue Sections
Target DNA in cultured cells was amplified by IS-PCR using tailed primers. When all reagents were present. target DNA could be detected after 50 cycles of amplification and was localized to the cells ( Figure 5A ). When Taq polymerase was omitted from the reaction no signal could be detected ( Figure 5B ). Figure 5C shows the results of IS-PCR, using all reagents, on untransformed mouse fibroblast cells. We cannot exclude the possibility that these untransformed mouse cells contain a very low copy number of endogenous MMTV sequences; however, no target DNA was detected in solution when parallel experiments were performed in the absence of agarose. Similar negative results were obtained with cultured HeLa cells (data not shown).
GR3A nude mouse tumor tissue sections were prepared as described in Materials and Methods. PCR amplification with tailed and untailed primers was done in parallel (Figures 6, 7A, and 7B) . IS-PCR amplification with tailed primers TP1 and TP5 generated distinguishable viral signals after 30 cycles ( Figures 6A and 6B) . After 50 cycles the signals were further amplified to produce dense grains localized to each cell nucleus ( Figures 6C and 6D ). Parallel amplification with untailed primers P1 and P5 did not produce a detectable amount of viral signal after 30 cycles (data not shown). Signals were seen after 50 cycles of amplification with untailed primers (Figures 7A and 7B ), but were less well localized in comparison with IS-PCR using tailed primers ( Figures 6A-6D ). When Taq polymerase was omitted from the reaction, amplification of the target sequences did not occur and proviral sequences were not detected by ISH ( Figures 7C and 7D) . Similar results were obtained in the presence of Taq polymerase but with the omission of either, or both, of the primers. Parallel reactions with tumor tissue in the absence of agarose yielded no proviral signals after ISH; however, specific PCR products were found in solution (data not shown). The cell morphology in tissues counterstained after thermal cycling was unchanged in comparison with the tissue sections not subjected to IS-PCR (Figure 8 ).
Discussion
The purpose of these experiments was to devise a procedure for the localized amplification of intracellular DNA targets in tissue sections. In particular, a procedure was sought that would be generally applicable to a variety of DNA targets and would have the potential to detect latent proviruses, such as HIV, at a single copy per cell level. The well-characterized MMTV retroviral model system was selected to prototype the procedure. Consequently, in these experiments each cell of the tissue sections contains approximately 100 copies of the target sequences. With further optimization and refinement, it may be possible to lower the sensitivity of the IS-PCR strategy presented in this report to the single-copy level. IS-PCR represents a method that has the advantage of being able to detect small target sequences. Amplification of targets 100-200 BP in size is important because probes in this size range are most efficient for in situ hybridization (3) . In addition, extensive target sequence information may not be available.
tion. In these experiments, primer dimers also have two direct tail repeats. Therefore, they were incorporated and contributed to the high MW of the concatamers. Evidence for this occurrence is shown in Figure 4 . Being smaller than the primary PCR products, primer dimer molecules would be expected to enhance secondary polymerization and favor the signal localization in situ. Second, diffusion and convection of these specific high MW molecules away from the cell of origin during thermal cycling was impeded by performing the PCR with an agarose matrix overlay before cross-linking fixation.
To refine this technique and broaden its applicability, several parameters can be varied. First, the efficiency of concatamerization may be improved by employing redesigned tails on the primer pair or by further optimizing the reaction conditions. With an alternate technique, Haase et al. (4), using multiple primers over a 1200 BP visna virus target, have been able to retain PCR-amplified target DNA in suspended cells; a 600 BP target was less well retained, and a 300 BP target was not retained. Addition of complementary tails to multiple primers over a large target would be expected to result in complex, high MW PCR products containing target sequences, with a consequent increase in the sensitivity of the method. Second, autoradiography has an inherent problem in cell resolution caused by the length of the track of the decay particle (12) . A single copy of the target 5.3 KB in size can be detected directly in cultured cells by in situ hybridization with fluorescent probes (13) . The use of hybridization probes with other ligands and reporter molecules to detect IS-PCR amplified DNA would be expected to enhance the overall sensitivity and resolution of the method.
Third, modification of the thermal cycler to maintain humidity, to ensure uniform temperature across the slide, and to accommodate many slides would greatly facilitate the procedure.
In conclusion, our results demonstrate that: (a) intracellular DNA in tissue sections can serve as the target for PCR amplification; (b) PCR-amplified fragments can be linked to generate high MW products through the use of complementary primer tails; (c) agarose does not inhibit the PCR and can serve as a matrix to localize the amplified target; (d) cell morphology is maintained throughout the PCR process; and (e) a target sequence less than 200 BP in size can be amplified and detected in situ. In theory, this novel IS-PCR technique can be applied to detect other cell DNA sequences while maintaining cell morphology. Several applications of this technique can be foreseen. First, detection of cells infected with latent viruses, such as the human immunodeficiency virus, could lead to a better understanding of viral pathogenesis. In addition, it may be possible to adapt this technique for the detection of RNA in situ or to combine this technique with a second histochemical signal to provide independent evidence for the presence and activity of genes in cells of morphologically recognizable tissues.
Two main factors contributed to the success of this method. First, the addition of complementary tails to the PCR primer pair allowed the concatamerization of products containing direct repeat sequences into molecules of high MW that contained the specific target sequences. As shown by comparison of Figures 6C and 7A , the presence of complementary tails resulted in stronger and more localized signals than were obtained with untailed primers. The primer dimer is a universal byproduct of the polymerase chain reac- 
